BACKGROUND: Several models have been published for the prediction of spontaneous pregnancy among subfertile patients. The aim of this study was to broaden the empirical basis for these predictions by making a synthesis of three previously published models. METHODS: We used the original data from the studies of Eimers et al. (1994) , Collins et al. (1995) and Snick et al. (1997) on couples consulting for various forms of subfertility. We developed a so-called three-sample synthesis model for predicting spontaneous conception leading to live birth within 1 year after intake based on the three data sets. The predictors used are duration of subfertility, women's age, primary or secondary infertility, percentage of motile sperm, and whether the couple was referred by a general practitioner or by a gynaecologist (referral status). The performance of this model was assessed according to a 'jack-knife' analysis. Because the post-coital test (PCT) was not assessed in one of the samples, a synthesis model including the PCT was based on two samples only. RESULTS: The ability of the synthesis models to distinguish between women who became pregnant and those who did not was comparable to the ability of the one-sample models when applied in the other samples. The reliability of the predictions by the three-sample synthesis model was somewhat better. Predictions improved considerably by including the PCT. CONCLUSIONS: The synthesis models performed better and had a broader empirical basis than the original models. They are therefore better suitable for application in other centres.
Introduction
In clinical practice infertility is often defined as a failure to become pregnant during a 12-month period of regular, unprotected intercourse. If no pregnancy ensues, not only patients but also some doctors are inclined to think that such couples require immediate treatment because they can be considered as (almost) sterile. However, the chance of becoming pregnant, after 1 year of trying, is highly variable and depends on many female and male factors (te Velde et al., 2000) . If the spontaneous pregnancy prospects are low, immediate treatment is justified, but if they are high treatment should be withheld and the couple should be encouraged still to go for a spontaneous pregnancy. A reliable estimate of the chance of spontaneous pregnancy is therefore important for being able to make the appropriate decisions for the couple during the counselling process.
Several models for predicting spontaneous pregnancy have been developed (Comhaire, 1987; Eimers et al., 1994; Wichmann et al., 1994; Collins et al., 1995; Snick et al., 1997) . We selected the three studies in which data from both partners were collected prospectively and in which the dependency of the predictors was corrected for by multivariable analysis (Eimers et al., 1994; Collins et al., 1995; Snick et al., 1997) . In the present study the data of the three selected studies were pooled to form a new data set.
Because the spontaneous pregnancy rate was found to be higher for subfertile couples referred by a general practitioner to a secondary centre than for couples referred by a gynaecologist to a tertiary centre (Wouts et al., 1987; Snick et al., 1997) , we assessed the importance of the care setting as a potential independent predictor for spontaneous pregnancy.
The aim of this study was to develop one or more prediction models, which more reliably predict the individual chance of pregnancy in subfertile couples and have a broader empirical base than the three individual models.
Materials and methods

Patients
The three studies contain couples from a Dutch University hospital (Eimers et al., 1994) , eleven Canadian University hospitals (Collins et al., 1995) , and a Dutch general hospital (Snick et al., 1997) . In the following, the three studies are referred to as 'Eimers', 'Collins' and 'Snick', according to the name of the first author. Patients with an ovulation disorder, tubal pathology or azoospermia were excluded, because the choice of treatment is usually obvious in such patients and waiting for a spontaneous pregnancy is not a realistic option.
After these exclusions, the data set contained 996 couples from the Eimers study, 1061 couples from the Collins study and 402 couples from the Snick study, resulting in a total of 2459 couples. The pooled data set was used for the analysis of the present study. The study was approved by each institution's research ethics review board.
Definitions and modifications of the predictive and outcome variables of the original models, and the construction of two synthesis models The definitions of the predictors as used in the three models have been described in the original publications (Eimers et al., 1994; Collins et al., 1995; Snick et al., 1997) and are summarized in Table I . In all three studies, semen samples were collected and analysed according to the available standards of the World Health Organization (World Health Organization, 1980 , 1987 . The duration of subfertility was defined by the time interval from discontinuation of contraceptive activities until registration at the fertility centre. Primary and secondary subfertility were defined as subfertility without and with a previous pregnancy respectively. Different definitions were used for the following variables: sperm factor in the Eimers and Collins models, Post-Coital Test (PCT) in the Eimers and Snick models and outcome of success in the Eimers model as compared to the other two (Table I) .
The pooled individual data from the three samples were used to construct two synthesis models (a thee-sample and a two-sample model) after modifying some of the predictors in order to make the data sets of the three original studies compatible. In the threesample synthesis model, only variables were included which were available in all three samples. They include the duration and type of subfertility (primary or secondary), the woman's age and the percentage of motile sperm. In the Snick sample the percentage of motile sperm was not present in the database and therefore the percentage of progressive motile sperm had to be converted into the percentage of motile sperm. A linear model linking these two semen parameters derived from the Eimers data, was used for this conversion. The effect of the woman's age was modelled as a continuous declining fertility function, with a more rapid decline after 31 years (Van Noord-Zaadstra et al., 1991) . Four patients had to be excluded because two or more of the predictors were missing. For 104 patients (4%) with only one missing predictor, the missing values were imputed ('filled in'), based on the correlation with other predictors (Little, 1992) . Imputation is a better method for handling missing data than simply excluding them, provided that certain conditions are met (Harrell, 2001) . We used the so-called Expectation Maximization method to estimate missing values by an iterative process (SPSS Inc., Chicago, IL). In all three data sets, the period of time (in months) couples were observed, either until a conception leading to live birth or treatment was started or until the end of the follow-up period, was available. Live birth was defined as a child still living 1 week after birth. A pregnancy leading to live birth within 1 year after intake, was taken as the outcome variable for both synthesis models.
In addition, we studied whether the referral status of the couple had a significant relation with the outcome after correcting for the other included predictors. Referral status indicates whether the couple was referred by a general practitioner (secondary-care couple) or by a gynaecologist (tertiary-care couple). All patients from the Snick study were secondary-care couples and all couples from the Collins study were considered as tertiary-care couples. Only the Eimers study included both secondary-care and tertiarycare couples and was therefore used to estimate the effect of the referral status.
The result of the PCT was not available in the Collins sample and therefore could not be included in the three-sample synthesis model. Therefore, we also developed a two-sample synthesis model including the result of the PCT based on the Snick and Eimers data sets. The PCT was scored in three categories in the Eimers model and in two categories in the Snick model (Table I) . Therefore, we transformed the three categories of the Eimers patients into two Table I . Predictors and outcome of the three published models for spontaneous pregnancy in couples without tubal defect or ovarian disorder (Eimers et al., 1994; Collins et al., 1995; Snick et al., 1997 The model also contains 'presence of fertility problem in male's family' but this predictor was not considered in this study.
b
Seminal defect was defined as one or more of sperm density ,20 £ 10 6 /ml, ,40% of sperm with progressive motility, or ,40% morphologically normal sperm. categories by combining the categories 'positive non-progressive' and 'negative' (abnormal) and contrasted them with 'positive progressive' (normal) according to the Snick qualifications (see Table I ). All other predictors in the two-sample synthesis model were the same as in the three-sample synthesis model.
For the sake of validation we also constructed three one-sample models (both with and without PCT) and three two-sample models (Snick-Eimers, Snick-Collins, Eimers-Collins both with and without referral status; the Snick-Eimers model also with PCT) to be able to perform the jack-knife analysis (see later) using the modified predictors from the three different data sets. We also analyzed whether the modifications necessary to make the data sets compatible, changed the discriminative ability of the three original models. Two score charts were constructed for easy application of the two models.
Any model based on a sample containing its own patients, will tend to give too sharp predictions when applied to other patients (Steyerberg et al., 2001a) . We corrected for overoptimism in the newly developed synthesis models by applying a shrinkage factor to the coefficients (Harrell et al., 1996) .
Descriptive analyses
Differences in couple characteristics between the three samples were tested by Kruskal-Wallis test or chi square test (Altman, 1997) . The effects of the predictors were compared between the three samples and expressed as fecundity ratios, which are equivalent to the hazard ratios in survival analysis. Differences in fecundity ratios and in spontaneous pregnancy chances between the samples were tested using multivariable Cox analyses (Altman, 1997) .
Performance measurement
How good are the probabilistic predictions of 1 year pregnancy prospects of the two synthesis models? To obtain an unbiased estimate of their performance they should be validated in samples which were not used for their construction. We therefore applied the jack-knife principle to estimate the performance of the three-sample synthesis model, as follows. We developed a two-sample model from two of the three samples and assessed its performance in the third truly independent sample. We repeated this procedure three times for each of the two-sample combinations. For the two-sample synthesis model with PCT, this procedure was not possible. Instead, we cross-validated the Eimers PCT model on the Snick sample and vice versa, and compared the performance of these models with the performance of the models without PCT.
Performance was measured by assessing the ability of the model to distinguish between women who became pregnant and those who did not (discrimination) and by assessing the agreement between the observed and the predicted probabilities of pregnancy (reliability). We applied three performance measures. The c-statistic or area under the receiver operating characteristic curve (AUC) was used for assessing discrimination (Harrell et al., 1996) . The c-statistic is the probability that from a random pair of women, the woman who first becomes pregnant had a higher predicted probability of spontaneous pregnancy.
The reliability ratio (or calibration slope) assesses reliability (Steyerberg et al., 2001b) . A ratio of 1 indicates a perfect calibration of the joint effect of the predictors included in the model. With a ratio smaller than 1, high probability predictions are too high and low probability predictions are too low, and for a ratio greater than 1 the bias is the other way round.
The third measure assesses overall reliability of the predictions. It measures the difference in overall predicted spontaneous pregnancy rate (SPR) between the tested model and a reference model. Ideally, there is no difference (0%). In our study, the reference is always the one-sample model on its own sample.
Calculations were performed with SPSS (SPSS Inc., Chicago, IL) and S-plus (MathSoft Inc., Seattle, WA) programs.
Results
The couple characteristics of the three samples differed in a number of respects. The couples from the Collins sample were older, had a longer duration of subfertility, and had also a higher percentage of motile sperm (P , 0.001). There were significantly fewer patients with secondary subfertility in the Eimers sample (P , 0.001). More patients started a treatment within the first year in the Collins sample (38%) compared to the Eimers sample (8%) and the Snick sample (15%).
The cumulative rate of spontaneous pregnancy leading to live birth within 1 year also differed significantly between the three samples (37%, 24% and 18%, respectively for Snick, Eimers and Collins, P , 0.001). The referral status of the couple appeared to be an independent predictor for spontaneous pregnancy after adjusting for the other characteristics (P ¼ 0.001), and was therefore included in the synthesis models.
In the pooled data of the three-sample synthesis model, the age of the woman and the duration of subfertility had an adverse effect on fecundity (adjusted fecundity ratios/year ¼ 0.95, 95% CI 0.93-0.98 and 0.83, 95% CI 0.78-0.88, respectively). Secondary female subfertility (as compared to primary) increased the chance of spontaneous pregnancy (adjusted fecundity ratio ¼ 1.79, 95% CI 1.46-2.19). Sperm motility increased pregnancy chances by 8% for every 10% motility increase (adjusted fecundity ratio ¼ 1.08, 95% CI 1.04 -1.13). The estimates for the two-sample Snick -Eimers model of the above-mentioned variables which are used for the two-sample synthesis model with PCT, are comparable. According to the two-sample synthesis model with PCT, couples with a normal PCT had a two to three times higher chance of spontaneous pregnancy leading to live birth than couples with an abnormal PCT (adjusted fecundity ratio ¼ 2.6, 95% CI: 2.0-3.4).
It appeared that the modifications in the predictors of the one-sample models as required for pooling did not change the discriminative ability of the three original models very much: the c-statistics of the one-sample models were almost identical for the Eimers and Collins models (c ¼ 0.69 and 0.66, respectively) and slightly improved for the Snick model (c ¼ 0.64 instead of 0.62). Table II summarizes the predictive performance of the various one-and two-sample models without PCT and of the final three-sample synthesis model. For the jack-knife evaluation of the synthesis model, one-sample models and all possible two-sample combinations were applied to the third truly independent sample and compared to the performance of the one-sample model when applied to its own sample, the performance of which can be considered as the reference (the highest possible performance to be expected). As expected, the performance of the one-sample models in the truly independent samples considerably decreased compared to the reference measures. However, when comparing the performance of the two-sample models in the independent sample to that of the one-sample models, the two reliability measures improved, while discrimination remained about the same. When referral status was included in the two-sample models the difference in SPR again improved. The performance of the three-sample synthesis model was, as expected, better than two-sample models because the individual samples were used to construct the prediction rule and to assess its performance. Both the discriminative ability and the reliability improved in the three-sample model and approached the reference measures.
Next, we developed the two-sample synthesis model with PCT, using the samples from Eimers and Snick only, because the Collins data do not include PCT. We compared their performance with and without adding the PCT. The results are given in Table III . It appears that when the Snick models are cross-validated on the Eimers sample and vice versa, the models with PCT perform considerably better than those without PCT, on all three performance measures. In particular, the discrimination statistic is much better, indicating that the PCT contains considerable independent prognostic information.
The formulas of the three-and two-sample synthesis models are given in the Appendix. Score-charts are presented in Figure 1 .
In order to get more insight into how well the three-and two-sample synthesis models perform in a clinical situation, their performance for different prognostic categories was assessed (Table IVa,b). For purposes of comparison, the three-sample model was also considered in the Snick and Eimers samples only (Table IVc) . The results indicate that many more patients can be classified in the extreme categories (very poor and very good prognosis) when using the two-sample synthesis model including the PCT as compared to the three-sample synthesis model without PCT. Table II footnotes. Table II . Performance of the one-, two-and three-sample (synthesis) models in the three samples: Snick (n ¼ 402), Eimers (n ¼ 992) and Collins (n ¼ 1061). All models use the woman's age, duration of subfertility, secondary subfertility and sperm motility. Some models also use referral status (' þ referral') Reliability Ratio significantly different from 1 (P , 0.05).
C.C.Hunault et al.
Discussion
In the present study we attempted to combine and improve the predictive performance of three previously published models for predicting spontaneous pregnancy, by combining their data and constructing two synthesis models. One was based on the information of each of these studies using five predictive variables: the three-sample synthesis model. The other was based on the information of two studies using six predictive variables: the two-sample synthesis model. The three original studies had so much in common, that synthesis, in our opinion, was justified. They shared a similar cohort design, had the same aim (to develop a predictive model for Figure 1 . Score chart of the 3-sample and 2-sample synthesis models to estimate the chance of spontaneous pregnancy within 1 year after intake resulting in live birth. Upper part: calculating the score; lower part: predicting 1-year pregnancy rate.
subfertile couples to estimate the probability of spontaneous pregnancy), were based on similar data from both partners collected during a comparable period in the seventies and eighties and the data were analyzed with the same statistical techniques (multivariable Cox regression). That the data were collected 20 -30 years ago is an advantage because many more patients could be followed until a spontaneous pregnancy did (or did not) occur, simply because fewer treatment modalities were available in those days. Moreover, in contrast to the rapid development in therapeutic possibilities, there has not been a breakthrough in diagnostic methodology. In fact, the same information derived from the previous history and some simple diagnostic tests already performed 20 -30 years ago, are still used nowadays for a first screening-type of diagnostic work-up. Therefore, these data collected in the past are at present the best available data to determine the chance of spontaneous pregnancy within a certain time period. In fact, it is questionable whether it would be possible to develop new predictive models to estimate the spontaneous chance to conceive in our Western societies, where various effective treatment modalities are available which often are applied shortly after intake. Before we were able to construct both synthesis models, we had to make the datasets compatible. First, we excluded the patients with an ovulation disorder, tubal pathology and azoospermia in the Snick and Collins samples, because such patients were not included in the Eimers sample. The prognostic variables selected in the original models slightly differed (Table I) . Because the senior authors of the three originally published models took part in the present study, we could make use of the original data sets and made them compatible with one another by slight modifications. In this way the pooled data could be used now as one new data set.
The care setting between the three samples differed considerably and we found that the referral status appeared to be an independent predictor: after correcting for all other variables, a couple referred by a family doctor to a gynaecologist in a secondary centre appeared to have a better chance to conceive spontaneously than a couple referred by a gynaecologist to a tertiary centre. Apparently, apart from all known variables, there must be some concealed selection, which is reflected by the type of referral status. Apparently, some patients referred by the general practitioner to a gynaecologist of a secondary centre became pregnant (either spontaneously or after treatment) before they could be referred to a tertiary centre. Therefore, we included referral status in the newly developed synthesis models.
How to decide whether or not our synthesis models performed better or worse than the original ones? Ideally, such validation should be performed prospectively in a different population. For reasons already mentioned, to perform such a study at the present time in a large population with a sufficiently long follow-up, is almost impossible. We tried several times, so far without success. Another way to assess the performance of the synthesis models in the future, is to apply the jack-knife principle (see Table II ). We reasoned that if the two-sample models performed systematically better than the one-sample models, it is reasonable to assume that the threesample synthesis model would still perform better than the two-sample models. Indeed there was a trend of better performance when comparing the two-sample models with the one-sample models. Especially the two reliability measures improved. Moreover, when adding the referral status, the performance of the two-sample models further improved the predictive performance, especially for the second reliability measure. Apart from the results of the jack-knife analysis, there is another argument in favour of the threesample synthesis models. It is based on data derived from three different settings in two different parts of the world and collected under different circumstances. Therefore, it has a broader empirical base than the three original models.
We were not able to validate the synthesis model with PCT by the jack-knife method, because the result of the PCT was only available in two of the three databases. This is unfortunate, because the data of Table III clearly demonstrate that performance, especially the discriminative power, greatly improves when adding the PCT. However, the external validation of Eimers in Snick and vice versa is quite good, also when the PCT is added. Since, apart from the PCT, the same variables as in the three-sample synthesis model were used in the two-sample model, it is reasonable to assume that the same arguments used for the three-sample synthesis model also apply to the two-sample synthesis model. However, the argument of the wider empirical base, applies to a lesser degree to the two-sample synthesis model since it is based on two Dutch populations only.
How can the results of the predictions obtained help the clinician to counsel the individual couple? Most couples have tried for more than 1 year-often much longer-and demand immediate treatment. In their judgement, further waiting is senseless because they consider themselves as infertile. Moreover, the psychological pressure caused by feelings of uncertainty and frustration increase their desire for immediate action. In addition, most couples overestimate the success of ART and grossly underestimate the related risks (Elster, 2000; Olivennes, 2000; Ericson and Kallen, 2001; Grobman et al., 2001; Schieve et al., 2002; Stromberg et al., 2002; Land and Evers, 2003; Moll et al., 2003) . The estimations of spontaneous pregnancy leading to live birth can be a tool in advising the couple in the following manner (see Table IV ). If the chances are low e.g. below 20%, there is no point in further waiting, and advising the couple to quickly undergo treatment is realistic. In contrast, if the chances are favourable, e.g. above 40%, the couple should be strongly encouraged to wait for another year, because there is an , 50% chance of success. The couple should be advised that there is no ART with an equal chance of success without any risk.
Further waiting is certainly worthwhile in such cases. In the middle group (above 20% and below 40%) predictions approximate the overall probability of 30-25% and the advice given depends on the balance between the probability of success, the degree of frustration and the risks of ART. These examples demonstrate that the sharp predictions-the low and high ones-are clinically useful. Predictions in the middle group hardly provide additional information for the individual couple.
The data of Table IV show that the two-sample synthesis model (PCT included) performs better in this respect than the three-sample synthesis model. In the latter, sharp predictions are only possible in less than half of the couples, whereas in the former this proportion is almost 70%. The superiority of the favourable predictions is noteworthy: about one quarter of all couples could be advised to wait for another year because their chances of spontaneous pregnancy leading to live birth, are almost 50%. When using the three-sample synthesis model this advice can only be given to 10% of the couples.
We conclude that both synthesis models perform better than the originally published ones and have a broader empirical basis. They can be used both by family doctors and by gynaecologists when considering to refer couples for (further) treatment. Although far from being perfect, they contain the best prognostic information predicting spontaneous pregnancy, so far available.
APPENDIX
The general formula of a Cox model is:
Sðt; xÞ ¼ S 0 ðtÞ expðb 1 x 1 þ...þb 2 x 2 Þ ¼ S 0 ðtÞ expðPIÞ where S(t,x) is the function expressing the probability that no pregnancy has occurred at time t.
The predicted probability (P) of spontaneous pregnancy within 1 year after intake leading to live birth according to the three-sample synthesis model including the referral status of the couple is: P ¼ 100 £ ð1 2 0:181 expðPIÞ Þ
Where the prognostic index (PI) ¼ 2 0.03 £ AGE1 2 0.08 £ AGE2 2 0.19 £ duration of subfertility 2 0.58 £ primary subfertility þ 0.008 £ percentage of motile sperm 2 0.25 £ tertiary-care couple AGE1 is the woman's age if the age is lower or equal to 31 years and 31 years if the age is . 31 years; AGE2 is the difference (woman's age 2 31 years) if the woman's age is . 31 years and zero otherwise; a tertiary couple is a couple referred by a gynaecologist.
The synthesis model with PCT is based on the Snick and Eimers samples. The formula of the two-sample synthesis model with PCT becomes: P ¼ 100 £ ð1 2 0:17 expðPIÞ Þ and the prognostic index (PI) ¼ 2 0.03 £ AGE1 2 0.06 £ AGE2 2 0.13 £ duration of subfertility 2 0.44 £ primary subfertility þ 0.008 £ percentage of motile sperm 2 0.24 £ tertiary-care couple 2 0.95 £ abnormal PCT The result of the PCT in the initial cycle was coded as abnormal when no forward-moving sperm cells were found in the whole mucus sample.
